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Abstract 
For the classification of solar simulators the spectral irradiance is one relevant criterion. Array spectrometers are often used for 
this purpose. We developed a compact and portable spectrometer instrument specifically for flash and steady-state solar 
simulators. It is commercially available since 2011 under the name FlashSpec. 
Multiple experiments were performed to quantify several source of uncertainty. Among them were repeatability, temperature 
dependency, linearity and stray light. Straylight was investigated for a broad range of LEDs in combination with optical filters. 
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1. Introduction 
A major uncertainty component for PV cell and module characterization is the spectral mismatch caused by the 
differences in the spectral response of test and reference cell in conjunction with the specific solar simulator 
spectrum, which deviates more or less from the standard AM1.5g solar spectrum. For the proper classification of a 
solar simulator [1], the uncertainty budget of the used array spectrometer is important [2, 3]. 
Furthermore, for the design and improvement of next generation light sources, which even closer match the target 
spectrum using filters, multiple sources and additional LEDs, such a tool is a must. In high-quality laboratories the 
spectral mismatch calculations can be based on a daily simulator measurement.  Throughout the lifetime of solar 
simulators, technicians will need information about the spectral irradiance to monitor and adjust the light sources. 
Costs can be cut down by extending the time between light bulb replacements based on spectral data. 
2. Spectrometer design 
The light beam to be analyzed spectrally is reflected by a diffuser target onto two glass fibers leading to the 
spectral sensors. In front of the fibers a shutter is mounted for automated dark scans before and after each 
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measurement. The fiber leading to the NIR detector has an additional high-pass filter to remove second order effects. 
The fibers are fixed to the structure, to keep internal reflections due to bending constant. 
Two Carl Zeiss MCS spectral sensors cover the wavelength range of 350nm to 700nm and 700nm to 1100nm, 
respectively. The detectors used are both silicon NMOS photodiode arrays (PDAs) from Hamamatsu with 512 pixels 
each. As those do not show the strong temperature dependency as CCD arrays, no temperature control is attached. 
The fast readout electronics from Tec5 allow to measure at integration times as short as 0.6ms. This allows 
measuring the change of spectral irradiance during a xenon flash [4]. 
The spectral sensors and the fibers are protected by a rugged housing to allow for use in an industrial 
environment. Sampled spectral data is transmitted digitally to a computer. Thus, portability and easy handling is 
achieved. Fig. 1 shows the housed spectrometer in operation under a steady-state solar simulator. 
An easy to operate software allows performing measurements without worrying about the technical details of the 
components. A section of the graphical user interface is presented in Fig. 2, displaying the measurement data of an 
Aescusoft super solar simulator and a measurement of 10 o’clock mid-march sun out of the window. 
The program is calculating the spectral irradiance from two measurements as 
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where λ denotes the wavelength, E(λ) is the spectral irradiance, c(λ) is the transfer coefficient from the 
calibration, SL(λ) is the derived light signal, tInt is the integration time, SI(λ) is the measured signal during 
illumination of the sensor and SD(λ) is the separately measured dark signal of the sensor, respectively. 
3. Experimental results 
3.1. Repeatability 
One of the design specifications was, to develop an instrument that does not require a field calibration but can be 
calibrated by an external, e.g. accredited calibration facility. To ensure the validity of such a calibration, the 
instrument was measured on a day-to-day basis. Spectrometer usage was simulated with remounting and moving 
before each measurement. For the illumination, multiple temperature-controlled LED light sources were used due to 
their long-term stability.  
Fig. 2. FlashSpec software graphical user interface displaying a solar 
simulator measurement and 10 o’clock sun. 
Fig. 1. Photography of the developed spectrometer in operation under 
a solar simulator. 
 Felix Schubert et al. /  Energy Procedia  77 ( 2015 )  179 – 186 181
20 25 30 35 40
0
1000
2000
3000
4000
5000
6000
7000
T emperature [°C]
D
a
rk
 
sig
n
al
 
[a
.
u
.
]
Measurements were taken on 13 days over a period of 19 days. For the wavelength range from 430nm to 1000nm 
with sufficient high signal, the standard deviation was 1%. Fig. 3 shows the standard deviation and the mean value 
of the measured LEDs. As the standard deviation strongly resembles the light source, the measurement is supposed 
to reflect the instability of the light source instead of the instability of the spectrometer itself.  
3.2. Temperature dependency 
To investigate for the effects of the ambient temperature, a heat exchanger with water of variable temperature 
was attached on the bottom of the spectrometer. The temperature at the both spectral sensors close to the PDAs was 
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Fig. 3. Measured spectrum of the LEDs (red line) and standard deviation in the course of 19 days (black line). 
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Fig. 5. Derived light signal of the 800 nm pixel for different 
temperatures. 
Fig. 4. Dark signal of the 800nm pixel for different temperatures. 
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measured with a thermocouple. The measured temperature was between 20°C and 40°C. As light source, a 1000W 
FEL tungsten halogen lamp was used. 
The dark signal SD shown in Fig. 4 for the 800nm pixel exhibits an approximately exponential dependency on the 
temperature, as expected.  This supports the assumption, that the temperature reading is correlated to the real 
photodiode temperature. Subtracting the dark signal SD from the signal during illumination SI gives the corrected 
light signal SL, exemplarily shown in Fig. 5 for the 800nm pixel. A linear dependency of the signal on the 
temperature is obvious.  
Normalizing the spectra to the 25°C spectrum and performing a linear fit of the light signal for all pixels show a 
clear wavelength dependency of the temperature coefficient, see Fig. 6. For the infrared the temperature induced 
error raises as high as 1%/K.  
3.3. Linearity of the sensors and readout electronics 
To test for linearity, a temperature stabilized 600nm LED was measured with varying integration time tInt up to 
the maximum range of the analog digital converter. No saturation effects were observed. SL decreases linearly with 
the integration time tInt. This can be explained by leakage currents in the electronics. Leakage currents increase with 
temperature, consistent with the measured data. Fig. 7 shows the signal of the 600nm pixel for 25°C (square black 
symbols) and 40°C (red triangular symbols).  
As an estimation, for the typical scenario of a calibration with a 1000W FEL lamp at a distance of 700mm, an 
integration time of 330ms was found to be optimal. A steady-state solar simulator measured with an integration time 
of 30ms is overestimated by 0.78% and a flasher measured with 1ms integration time is overestimated by 0.82%, 
assuming 25°C. 
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Fig. 6. Wavelength dependent temperature coefficient of the derived light signal measured with a 1000W FEL lamp. 
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To be more exactly, the physical concept of leakage currents suggest that this non-linearity is: 
• Wavelength independent (but with a difference between the two sensors) 
• A function of the basic measurement signals SI and SD 
• Additional offset adjustments from the electronics 
Further experiments are planned to detail these predictions.  
3.4. Stray light 
Due to their construction, array spectrometers come with a limited stray light reduction. Additionally,  
measuring polychromatic light sources like solar simulators, the integral irradiance is high compared to line sources, 
making this an important systematic error. As solar simulator standards split the spectrum in 100nm regions, our aim 
is to determine a simplified straylight correction matrix for those 100nm intervals. 
Straylight characterization is normally done either using lasers or a standard lamp with one or more filters. Our 
approach is to use several high-power LEDs in combination with filters. This is much less effort than using lasers, 
but provides more spectral details as the simple filter approach. 
This is exemplarily shown for four LEDs in the range of 400nm to 500nm in Fig. 8 (solid lines in different shades 
of blue with logarithmic scale). A measurement with the LED switched off is done to distinguish possible stray light 
from the noise floor and thermal drift (solid black line with logarithmic scale). For the 450nm and the 465nm LED, 
around 600nm the baseline raises above the noise floor and a slight peak shows up. As nothing happens in the NIR 
range, only the UV-Vis spectral sensors measurements are shown. This pattern is specific to this wavelength range, 
different patterns were observed for the neighboring wavelength regions. 
Fig. 7. Non-Linearity of the derived light signal for a variation of the integration time measured using a 600 nm LED. Shown is the 600nm pixel 
for different temperature and the linear fit of the data. 
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The observed artifacts could be properties of the LED itself or straylight due to the spectrometer design. In order 
to distinguish between both possible sources, suspected stray light artifacts are further examined. Optical filters are 
used that 
1. transmit the LED peak wavelength and block the suspected stray light or 
2. block the LED peak wavelength but transmit the suspected stray light wavelength region. 
In the case 1 the artifact would still be visible if it’s stray light. In case 2, it would disappear with the LED peak. 
Fig. 8. Measurement of the 400nm, 430nm, 450nm and 465nm LEDs (different shades of blue) and noise floor (black). The suspected straylight 
artifacts show around 600nm as a rise above the noise floor and even as small peaks. 
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Fig. 9 shows the spectral irradiance measurement of the 450nm LED (solid blue line on a logarithmic scale) 
together with the noise floor when the LED is switched off (solid black line), to visualize the detection limit. Around 
600nm there is a very small raise above the noise floor, which might be stray light. In a second measurement of the 
LED, a filter is placed in front of the fiber (dotted blue line). The filter (transmission data dotted red line with scale 
to the right) is selected to transmit the light of the LED peak, but block around 600nm, as defined for case 1. The 
measurement data still shows the raise above the noise floor, indicating that it is stray light resulting from 450nm 
photons recycled by internal reflections. 
Using case 2 proposed above is shown in Fig. 10. The 450nm LED is measured without (solid blue line on a 
logarithmic scale) and with a long-pass filter (transmission data dotted red line with scale to the right; measurement 
data dotted blue line on a logarithmic scale). 
Fig. 9. Measurement of a 450nm LED (solid blue line) and with a filter (transmission data dotted red line, scale to the right) applied to the same 
LED (dotted blue line). Measurement in the dark to visualize the noise floor (solid black line). Straylight shows up around 600nm. 
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 Note that for the quantification of straylight, the spectral sensitivity of the sensor needs to be taken into account. 
4. Conclusion & outlook 
A spectrometer for fast flash measurements was made commercially available. Several sources of uncertainties 
for spectral irradiance measurements were experimentally investigated. 
For the long term stability of the instrument, a further study using 1000W FEL lamps on a weekly basis is in 
preparation. For the temperature dependency, a correction can be implemented and the remaining uncertainty 
calculated. The sensor linearity is understood, but further experiments will be done to investigate the temperature 
dependency. With further LEDs, it can be determined if the non-linearity is independent of wavelength, as assumed. 
The data from the straylight experiments can be used to formulate a simplified straylight correction matrix and 
estimate the uncertainty budget for typical simulator measurements caused by internal straylight. 
For lower uncertainties, the following options can be suggested for the FlashSpec spectrometer: temperature 
measurement and temperature control for the NMOS photodiodes and use of an InGaAs IR extension spectral sensor 
for the NIR above 900nm. 
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Fig. 10. Measurement of a 450nm LED (solid blue line). Applying a long-pass filter (transmission data dotted red line, scale to the right) removes 
stray light around 600nm (dotted blue line). 
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